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@ Glass optical waveguides passivated against hydrogen-induced loss increases. 



(57) Applicants have discovered that glass optical waveguides subject to hydrogen-induced loss increases 
can be passivated by treating the glass with deuterium. The deuterium-treated glass not only exhibits a 
lower rate of loss increase when later exposed to environments containing H2, but also retains high 
transmission of light In the 1.55 and 1.31 micrometer wavelength regions immediately after the 
deuterium heat treatment. The method applies to Er-doped fiber, transmission fiber and planar 
waveguides. Under some circumstances, hydrogen can be substlhjted for deuterium. 
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Field of the Invention 

This invention relates to glass optical waveguides such as optical fibers and planar waveguides and, in 
particular, to such waveguides passivated against hydrogen-induced loss increases. 

5 

Background of the Invention 

While optical waveguides, such as optical fibers, can carry optical signals over remarkably long distances 
between repeater stations, it has been observed that such fibers suffer long-term Increases in loss, particularly 

10 for transmission of light in the 1 .55 and 1 .31 micrometer wavelength regions. One type of loss increase Is at- 
tributed to the reaction of hydrogen with defects in GeO^^oped waveguides containing alkali impurities such 
as Na and Li. Another type occurs when H 2 reacts at defect sites in undoped silica areas. The rate of loss 
increase of the latter type can be reduced by treating the fiber with hydrogen during the draw process (United 
States Patent No. 5,059,229 Issued to M. G. Blankenship et al. on October 22, 1991). But this rate reduction 

is is obtained only at the cost of increased loss at the outset. Such increased loss Is undesirable for many high 
performance applications such as long distance transmission. 

Mydrogen-induced loss is particularly a problem in erbium-doped (Er-doped) amplifier fibers. Accelerated 
hydrogen aging tests have shown that Er-doped amplifier fibers react quickly with even trace levels of H2, caus- 
ing spectrally broad loss increases that can Influence signal and pump wavelengths. See P. J. Lemaire et al.. 

20 Prediction of Long-Tenn Hydrogen-Induced Loss Increases in Er-Doped Amplifier Fibers, 5 IEEE Photonics 
Technology Letters 214 (Feb. 1993) and P. J. Lemaire et al., Hydrogen-induced loss increases in erbium-doped 
amplifier fibers: Revised Predictions OFC Technical Digest Feb. 20-25(1994), Paper FF1. Accordingly, there 
is a need for Improved glass waveguides passivated against hydrogen-induced loss Increases. 

25 Summary of the invention 

Applicants have discovered that glass optical waveguides subject to hydrogen- induced loss increases can 
be passivated by treating the glass with deuterium. The deuterium-treated glass not only exhibits a lower rate 
of loss increase when later exposed to environments containing H2, but also retains high transmission of light 
30 in the 1 .55 and 1 .31 micrometer wavelength regions immediately after the deuterium heat treatment. The meth- 
od applies to Er-doped fiber, transmission fiber and planar waveguides. Under some circumstances, hydrogen 
can be substituted for deuterium. 

Brief Description of the Drawings 

35 

In the drawings: 

FIG. 1 is a block diagram of the steps In a preferred method of passivating a glass optical fiber against 
hydrogen-induced loss Increases. 

FIG. 2 is a schematic view of a passivated glass optical fiber. 
^ FIG. 3 is a schematic graphical illustration comparing the absorption spectrum of deuterium passivated 
waveguide with hydrogen passivated waveguide. 

FIGs. 4 and 5 are graphtoal plots useful in understanding the theory of the invention. 

Detailed Description 

45 

This description is divided into three parts. Part I describes the preferred method of passivation by treat- 
ment with deuterium. Part II describes the circumstances in which hydrogen can be substituted for deuterium, 
and Part III sets forth a theoretical physical model providing for extension of the results described herein. 

so I. Deuterium Passivation 

Essentially, a glass optical waveguide is passivated against hydrogen-induced loss by forming the wave- 
guide and, before hydrogen can react with low activation energy defect sites, heating the waveguide in the 
presence of deuterium (D) so that deuterium occupies the highly reactive low energy sites rather than hydrogen 
55 (H). Because deuterium has greater mass than hydrogen, CD absorbs at longer wavelengths than OH. Spe- 
cifically, OD has very low absorption at the 1 .55 and 1.31 micrometer wavelength regions of interesL 

Referring to the drawings, FIG. 1 is a block diagram of the steps in a preferred method for passivating a 

2 
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typical glass optical fiber against hydrogen-induced loss increases. As shown in block A of FIG. 1 , the first step 
is to provide a suitable preform for drawing optical fiber. In accordance with conventional practice, the preform 
typically comprises a composite glass rod having a central core region which can be Ge02 doped silica and a 
concentric outer cladding of silica. For typical Er-doped fiber the core Is doped with about 14-18 mole % Ge02. 
5 about 1 .0 mole % AI2O3. and 100-2000 ppm of Er. 

The next step, shown in block B, is drawing fiber from the preform. The Er-doped fiber Is typically drawn 
to a 2.5-4.5 micrometer core diameter in accordance with techniques well known in the art. 

As shown in block C, the third step - which is also conventional - is to coat the fiber with protective poly- 
mer. Typical polymers are urethane-acrylate coatings. The coatings are typically applied and cured with ultra- 
10 violet light as the fiber is drawn in a continuous process. 

The next step, shown in block D, is to dispose the fiber in an atmosphere comprising deuterium and to 
subject it to heat. This step preferably begins shortly after the fiber is formed and before the fiber is used in a 
hydrogen-containing environment. This step can be conveniently performed by heating spooled, polymer-coat- 
ed fiber in a deuteriunrvf illed oven. The preferred heating time for passivation depends on the temperature, 
15 the partial pressure of deuterium, and the application for which the fiber is intended. Preferred temperatures 
are ^40'*C or below in order to avoid damage to the polymer coating, but with high temperature coatings, tenv 
peratures up to about 200^*0 can be used. Temperatures in excess of 2Q0°C are not recommended as such 
temperatures in Ge02 doped waveguides will cause new types of absorption losses (electronic). The preferred 
deuterium partial pressure is less than 1 0 atmospheres and advantageously Is one atmosphere in order to 
20 avoid the use of expensive pressure vessels; however, higher pressures up to 100 atm. can be used if it is 
desired to minimize passivation time. 

Table 1 below illustrates preferred treatment for fibers expected to tolerate the indicated 1 .55 micrometer 
loss for a 20 m fiber over a period of 25 years. 



25 


Operating Conditions 


Passivation Conditions 




Temperature 

Partial 
Pressure H2 


Tolerable 
1.55)xm Loss 
Change 


Partial Pressure D2 


Treatment 
Temperature 


Treatment Time 


30 


750c, Ph,= 
0.01 atm. 


0.1 dB 


1 atm 




125X 


8 days 


35 


40°C. Ph,= 
0.001 atm 


0.1 dB 


1 atm 




60<»C 


12hrs. 




25-C.Ph,= 
0.001 atm 


0.04 dB 


1 atm 




60«C 


17 hrs. 



The same process with different passivation conditions can be applied to optical transmission f ibers. Such 
fibers are typically drawn of preforms with GeOj-doped glass cores and cladding layers composed of either 
undoped Si02 or Si02 doped with some combination of F, Ge02 and P2O6 dopants. Such fibers can also contain 
alkali species, (e.g., Na, LI, and K) which Introduce reactive defect sites prone to reacting with trace levels of 
H2 impurities. These hydrogen reactions cause OH overtone loss Increases in the 1.41 micrometer region along 
with a long wavelength loss edge. Experiments show that the reactive defect sites have a range of activation 
energies. The sites with the lowest activation energies are responsible for long term hydrogen-induced loss 
increases. By pre-reacttng these sites with deuterium, it is possible to avoid further loss degradation at system 
operating conditions. Moreover, by using D2 Instead of H2 for the passivation, the fiber can be passivated with- 
out incurring any significant loss degradation in the 1 .55 micrometer region. 

Table II below illustrates preferred treatment for single mode optical transmission fibers expected to tol- 
erate loss increases of no more than 0.002 dB/km at 1 .55 micrometers over a period of 25 years. 



55 
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Operating Conditions 


Passivation Conditions 


Temperature Partial 
Pressure H2 


Partial Pressure D2 


Treatment Temperature 


Treatment Time 


40'C. P„^ = 0.001 atm. 
25°C, Ph, = 0.001 atm 
10°C, Ph, = 0.002 atm 


1 atm 
1 atm 
1 atm 


85*»C 
65''C 


7 days 
7 days 
3.5 days 



FIG. 2 illustrates a typical transmission fiber, passivated as described above, and shown with a stripped 
end 11 comprising a glass fiber 12 including a core region 13 surrounded by a cladding region 14. The fiber 
can be single mode or multimode optical fiber, but Is preferably a single mode silica fiber typically having a 

15 core diameter on the order of 6-10 ^m micrometers and a surrounding dadding a few tens of micrometers thick. 
The unstripped fiber 1 5 comprises a cured polymer coating 16 which is preferably a dual coating compris- 
ing a primary (inner) coating 1 7 and a secondary (outer coating) 18. The polymer coatings can be any one of 
a variety of polymers including hydrocarbon polymers, polyethers, polycarbonates, polyesters and silicones. 
The primary coating is advantageously formulated to provide a rubbery texture whereas the secondary coating 

20 advantageously has a more highly crosslinked, glassy texture. 

When passivated by heating in deuterium as described above, a fiber will be less sensitive to long-term 
hydrogen induced loss increases that might otherwise occur if the fiber were not passivated. While hydrogen 
can be used instead of deuterium for passivating the fiber and preventing long-term loss increases, this hy- 
drogen passivation can cause loss increases to occur during the passivation process. This can be seen by ref- 

25 erence to FIG. 3 which plots the loss increase Aa with wavelength for both D2-treated fiber (curve 2) and H2- 
treated fiber (curve 1). As can be seen, the D 2 treatment essentially shifts the Aa curve toward the longer- 
wavelength region, preventing passivation Induced loss Increases from occurring In the 1.55 and 1.31 micron 
regions of interest. 

Planar waveguide devices tend to be compact thin film devices. Such devices can be treated by heating 
30 in a deuterium atmosphere In ovens, typically at temperatures in the range 50^C to 200^C. 

All passivation conditions, both for Er fibers and for transmission fibers, depend on anticipated operating 
conditions. Increases in any of the system parameters of partial pressure of hydrogen, temperature or operating 
time will require more aggressive passivation conditions. 

35 II. Hydrogen Passivation 

As shown in FIG. 3 above, D2 passivation is generally superior to H2 passivation. However, there are some 
conditions in which H2 can be substituted for D2 in the passivation processes described above. For example, 
in the fabrication of short length fibers, such as Er amplifier fibers, fiber stability is of primary concern, but 
40 not fiber loss. In such instances, H2 can be substituted for D2 and the length of the fiber can be adjusted to 
account for the loss increases that can occur during the passivation anneal. Similar considerations apply to 
planar waveguide structures, where the waveguide path is typically short 

III. Theory Underlying Determination of Passivation Conditions 

45 

In general it will be possible to passivate a waveguide if the reactive sites have a distribution of activation 
energies. The existence of sites that range from being highly reactive to very unreactive suggests that if it is 
possible to remove the most reactive sites then the device's subsequent reactivity can be reduced to tolerable 
levels. In the following discussion OH formation will be considered as a typical example of a lossy defect that 
50 can affect fiber reliability. The OH overtone is centered at about 1 .4 ^m in silica fibers and can influence losses 
at system wavelengths and at the 1.48 ^m Er amplifier pumping wavelength. Reactive defects can be elimin- 
ated by reacting them with deuterium, which does not cause vibrational losses at system wavelengths. In some 
cases it may be possible to use H2 to passivate fibers, as long as small passivation induced losses are accept- 
able. 

55 To understand how to determine appropriate conditions for passivation, first consider defects within the 

distribution that have a particular activation energy E. Assuming that the rate of H2 reaction at the defect site 
Is proportional to the concentration of unreacted defects of energy E and to the concentration of H2, a simple 
analysis shows that the concentration of OH fonmed is given by: 

4 
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Coh(E) = Cd.o(E)[1 - exp(-l/T(E))l (1) 
where Cd.o(E) is the initial concentration of reactive sites of energy E. and where t(E) is a characteristic time 
constant given by: 



10 



exp 



T(E) =r 



kT 



VoCh, 



(2) 



15 



20 



where k is Boltzmann's constant, and vo has the character of a vibrational frequency. Ch^ is the molecular hy- 
drogen concentration at the fiber core expressed in ppm. The value of Ch, can be calculated for a given time, 
temperature and hydrogen pressure based on solubility data for H2 (or D2) in silica by the relation: 

Ch, = PhjSh, (3) 

Sh, is the solubility for molecular hydrogen in silica, and is readily available in the literature, as well as for deu- 
terium. Ph, is the pressure of H2 around the fiber. 

Since there is a distribution of sites having different E's, the total concentration of OH at any time is given 

by: 



25 



CoH = I Nd.o(E) [1-exp 

E=0 



x(E) 



dE = J Nd.o(E) dE (4) 

E=0 



30 



35 



when Nd^ (E) is a function that describes the concentration density of reactive sites as a function of energy, 
and Ed is a "demarcation energy given by kT 1n (Ch, Vot). The approximation in the second part of Eq. (4) is 
based on the fact that defects with very high activation energies, E > E^, will have negligible reactivity and will 
not contribute significantly to the OH increases - i.e., at high E's the value of 1-exp(-t/T(E)) is approximately 
zero. At low E's the expression 1-exp(-t/T(E)) will approach a value of 1 . 

In general one will not know a priori the nature of the function N(j^(E) but even so it is apparent that as 
long as the value of Ed (i.e., kT ln(CH, Vot)) is constant one will get the same value for Cqh- 

To passivate a fiber one wishes to pre-react all reactive defects: i.e., those with E's less than some critical 
value Ecrtt. Once one has determined Ecrtt it is possible to specify the required time, Cq,, and temperature for 
passivatton based on the following expression: 



40 



kT„ 



VoC 
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tpass] = 



-cnt 



(5) 
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where the pass subscript refers to conditions to be used for passivation. (The time tpass is the time required 
for the passivation reaction and does not account for the time required to diffuse D2 or H2 from the outside of 
the fiber to its core, as will be discussed later.) 

To determine Ecm one must rely on experimental data obtained from accelerated testing, where one usually 
measure loss increases, at some wavelength of interest, in a fiber or waveguide that is exposed to relatively 
high levels of H2 at elevated temperatures. By plotting Cqh versus kT ^n{C^^ Vot) one can readily generate a 
"master" curve. Cqh. T, Ch,, and t are all experimentally measured parameters. (For the example of OH loss 
increases, the concentration, Cqh. can be determined from the increase in the OH overtone absorption around 
1.4 ^im.) The value for Vq is found in an iterative manner such that experimental data obtained at different con- 
ditions (e.g., different temperatures) all fall on a smooth curve. FIGs. 4 and 5 show such accelerated aging 
data for a typical Er amplifier fiber and for an alkali containing single mode transmission fiber, respectively. 
With such a "master" curve in hand it Is a simple matter to determine Ecrtt- For instance, one can use the "master" 
curve to determine OH increases as a function of time for the Ch, and temperature that will be characteristic 
of a real system. By plotting OH versus time it is a simple matter to find the critical time, tent, such that the 
incremental OH Induced loss increase between tern and tern + tsys Is less than the tolerable OH loss increase 
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dictated by system considerations. The value of is then given by 



Ecrii = kTsys ln(voCH,^tcrii) 



(6) 



Any practical conditions of temperature, time and hydrogen pressure that will satisfy the following equation 
can be used for passivation. 
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kTpass'n |voCD;p^tpassj -E 



cnt 



(7) 



Given the temperature and D2 pressure to be used for the passivation, the required passivation time is given 
15 by 



20 



exp 



kT 



pass 



(8) 



It will sometimes be necessary to make small adjustments to the anneal conditions so as to allow sufficient 
25 time for the D2 molecules to diffuse to the fiber core. The diffusion time can be roughly estimated as 

VJlffh 7Z V^) 

where a is the fiber radius (frequently 62.5 ^m for standard optical fibers (and Do, is the diffusivity of deuterium 
(or hydrogen) in silica, which is a well characterized value. The total time required for the passivation anneal 
^ is then 

^anneal ~ Ws ^If" 

A more exact method to detenfnine the total time needed for the anneal is to solve the following equation for 
tgnneait shown in Eq. (11). However, for most practical applications Eq. 10 will be somewhat easier to solve 
and will give a reasonable estimate of the annealing time. 

35 
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As discussed earlier, the maximum temperature to be used for passivation will often be dictated by the thermal 
degradation of a fiber's polymer coating, while the maximum practical Ch, will be limited by the pressure han- 
dling capability of a vessel used to hold the fiber or waveguide during the passivation anneal. 
Application of these principles can be understood by consideration of the following examples. 



Example 1^. Er doped fiber 

For Er doped fiber, FIG. 4 plots OH loss increase at the overtone peak (1.42 nm) versus kT In (voCn^t). The 
value of Vo was determined to be 5 x lO^hH. For assumed system conditions of 75°C, 0.01 atm H2, 25 years, 
and an assumed tolerable 1 .55 ^m loss increase of 0.1 dB for a 20m fiber length, the value of Ecrn is detemiined 
to be about 1.07eV. If the passivation temperature is chosen to be 125'>C and the passivation is done in 1 atm 
of D2 the required time (tpasa) can be calculated to be about 7.5 days. The diffusion time, tdiffn. at this temper- 
ature is relatively short * about 2 hours. The total anneal time is then about 7.6 days. 

As shown in Eq. (8), the passivation time can be decreased by increasing the passivation pressure, for 
instance to 10 atm. tpasa is now 0.76 days, and tdirm is unchanged, resulting in a total anneal time of about 0.86 
day. 

6 
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For a system operating at 40''C, Ph, = 0.001 atm, for 25 years, with a tolerable 1.55 loss increase of 
0.1 dB for a 20m fiber length the value for Ecru is found to be 0J6eV. (This is lower than the 1 .07eV value above 
due to the less severe system conditions.) Again it is possible to choose any conditions such that Eq. (7) is 
satisfied. For an anneal temperature of 60°C and a passivation pressure of 1 atm Da the required passivation. 
s time, tpass, is 0.8 hours. The diffusion time, tditfn, however is significantly longer, about 20 hours as estimated 
using Eq. 10. resulting in tanneai of about 21 hours. A more exact estimate of tanneai using Eq. 11 specifies a 14 
hour anneal. 

As suggested by Eq. (8) if the deuterium pressure for passivation was lowered by a factor of 10, to 0.1 
atm, the passivation reaction time would increase by a factor of 10, to 8 hours. The diffusion time as estimated 
^0 by Eq. (10) is unchanged, resulting in an anneal time of 28 hours. 

Example 2. Alkali containing transmission fibers 

FIG. 5 shows a master curve for alkali containing single mode fibers whose cores contain about 3% GeOa* 
*5 and with cladding doped with P2O5 and F. The value of Vq is 10® hM for this type of fiber. For system conditions 
of 40''C, 0.001 atm H2, and a system lifetime of 25 years, and a tolerable loss increase of 0.002 dB/km at 1 .55 
^m. the required value of Ecm is 0.85eV. If the passivation is to be done in 1 atm of D2 at a temperature of 85°C, 
the required time for the reaction, tpass* is 6.6 days. The diffusion time, tdtftn. is 7.5 hours, resulting a total anneal 
time of about 7 days. 

^ For system conditions of 25*^0, 0.001 atm H2, and a system lifetime of 25 years, and a tolerable loss in- 

crease of 0.002 dB/km at 1.55 ^m, the required value of Ecth is 0.808eV. If the passivation is to be done in 1 
atm of D2 at a temperature of 65''C, the required time for the reaction, tpass. is 6.2 days. The diffusion time, 
tdiffhi is 16 hours, resulting in a total anneal time of about 7 days. 

25 

Claims 



1 . A method for making a glass optical waveguide for use in a hydrogen-containing environment comprising 
the steps of: 

3^ forming said glass optical waveguide; and 

before using said waveguide in said hydrogen-containing environment, passivating said waveguide 
in order to reduce hydrogen-induced loss by disposing said waveguide in a deuterium-containing envir- 
onment containing deuterium at a partial pressure of 10 atmospheres or less and heating to a temperature 
in the range 50**C to 200*C. 

35 

2. The method of claim 1 wherein said deuterium-containing environment comprises deuterium at atmos- 
pheric pressure and wherein said heating has a duration of at least 12 hours. 

3. The method of daim 1 wherein said deuterium-containing environment comprises deuterium at a partial 
^ pressure In excess of one atmosphere and said heating has a duration of less than 12 hours. 

4. The method of claim 1 wherein said waveguide is heated in deuterium for a time and at a partial pressure 
of deuterium such that a 20 m length of fiber-over a period of 25 years in said hydrogen-containing envir- 
onment Incurs a loss change of less than 0.1 dB at the 1.55 micrometer wavelength. 

45 

5. The method of claim 4 wherein said 20 m length of fiber incurs a loss change of less than 0.04 dB at the 
1.55 micrometer wavelength. 

6. The method of daim 1 or 2 or 3 or 4 or 5 wherein said waveguide comprises Ge02 doped silica optical 
^ fiber. 

7. The method of daim 1 or 2 or 3 or 4 or 5 wherein sakj heating temperature Is 140®C or less. 



8. A method for making a glass optical waveguide erbium amplifier for use in a hydrogen-containing envir- 
onment comprising the steps of: 

forming said waveguide erbium amplifier, and 

before using said amplifier in said hydrogen-containing environment passivating said waveguide 
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in order to reduce hydrogen-induced loss In use by disposing said amplifier in an environment comprising 
deuterium or hydrogen and heating to a temperature in the range SO'^C to 200''C. 

9. The method according to claim 8 wherein said waveguide erbium amplifier comprises optical fiber having 
5 a silica core doped with GeO 2i AI2O3 and erbium. 

10. The method of daim 1 wherein said waveguide is heated in deuterium for a time and at a partial pressure 
of deuterium such thataone kilometer length of fiber overa period of 25 years in said hydrogen containing 
environment incurs a loss change of less than 0.002 dB at the 1.55 micrometer wavelength. 

10 
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FIG. 1 
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FIG. 4 
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